The presumed involvement of paired box gene 5 (PAX5) in B-lymphomagenesis is based largely on the discovery of Pax5-specific translocations and somatic hypermutations in nonHodgkin lymphomas. Yet mechanistically, the contribution of Pax5 to neoplastic growth remains undeciphered. Here we used 2 Myc-induced mouse B lymphoma cell lines, Myc5-M5 and Myc5-M12, which spontaneously silence Pax5. Reconstitution of these cells with Pax5-tamoxifen receptor fusion protein (Pax5ERTAM) increased neoplastic growth in a hormone-dependent manner. Conversely, expression of dominant-negative Pax5 in murine lymphomas and Pax5 knockdown in human lymphomas negatively affected cell expansion. Expression profiling revealed that Pax5 was required to maintain mRNA levels of several crucial components of B cell receptor (BCR) signaling, including CD79a, a protein with the immunoreceptor tyrosine-based activation motif (ITAM). In contrast, expression of 2 known ITAM antagonists, CD22 and PIR-B, was suppressed. The key role of BCR/ITAM signaling in Pax5-dependent lymphomagenesis was corroborated in Syk, an ITAM-associated tyrosine kinase. Moreover, we observed consistent expression of phosphorylated BLNK, an activated BCR adaptor protein, in human B cell lymphomas. Thus, stimulation of neoplastic growth by Pax5 occurs through BCR and is sensitive to genetic and pharmacological inhibitors of this pathway.
Introduction
Both normal hematopoiesis and lymphomagenesis are driven, to a large extent, by expression of lineage-specific transcription factors. Many such factors are overtly oncogenic. For example, the hallmark of Burkitt lymphoma and some diffuse large B cell lymphomas (DLBCLs) is the t (8;14) translocation that places the MYC protooncogene under control of the Ig heavy chain gene enhancer (1, 2); a similar translocation has been identified in murine plasmacytomas (3) . The causative role of Myc in B-lymphomagenesis has been validated through the generation of various transgenic (4-7) and nontransgenic (8) murine models of non-Hodgkin lymphoma.
Other transcription factors are not known to initiate B-lymphomagenesis, but are consistently mutated in full-fledged neoplasms. One such intriguing protein is paired box gene 5 (Pax5), a B cell activator protein (9) with a characteristic paired box DNA-binding motif (10) . Inactivation of Pax5 via homologous recombination precludes normal B cell development (11, 12) , and several lines of evidence implicate Pax5 as an important factor in B-lymphomagenesis as well.
Pax5 and Myc were the only 2 transcription factors consistently overexpressed in human follicular lymphoma cells compared with their putative normal counterparts, germinal center B cells (13) . Similarly, in DLBCLs, MYC and PAX5 were the only 2 transcription factor-encoding genes with high frequencies of hypermutations (14, 15) . Mutations in Pax5 were also found, albeit with lower frequency, in Burkitt lymphomas with translocated Myc (16) . Importantly, PAX5 mutations cluster in regulatory sequences surrounding exon 1B, suggestive of its overexpression. Overall, high levels of Pax5 have been reported in almost all non-Hodgkin lymphomas, but in very few acute leukemias (17) . Genetic data also support the involvement of Pax5 in lymphomagenesis. A relatively rare (18) but persistent t(9;14)(p13;q32) translocation in various non-Hodgkin lymphomas (19) involves PAX5 (20) (21) (22) . Furthermore, in acute lymphoblastic leukemia, PAX5 is fused to the ETV6/TEL gene (23) .
Yet, despite the large body of circumstantial evidence, the role of Pax5 in B-lymphomagenesis has not been experimentally verified. Pax5 levels have been shown to correlate with (24) or directly promote (25) neoplastic growth in tumors of neural origin (astrocytoma and neuroblastoma, respectively). Curiously, reconstruction of the t(9;14)(p13;q32) translocation in the knock-in mouse resulted in T-lymphomas, not B-lymphomas (26) . To complicate the matter, recently identified translocations in B cell acute lymphoblastic leukemia involving PAX5 result in the creation of its dominant-negative or loss-of-function versions, rather than gainof-function mutants (27, 28 ). While at the molecular level, Pax5 has been reported to transactivate the Epstein-Barr virus promoter (29) and repress expression of p53 (30) , these events have not been validated in tumor contexts.
To directly address the role of PAX5 in B-lymphomagenesis, we took advantage of the previously derived series of Myc-induced murine B-lymphomas that spontaneously silence Pax5 upon culturing in vitro (31) (32) (33) (34) . We used these cells to determine the molecular and cellular consequences of forced Pax5 reexpression in the context of hematopoietic neoplasms. Our data indicate that Pax5 promotes B-lymphomagenesis via activation of ligand-independent (tonic) B cell receptor (BCR) signaling (35) and that Pax5-dependent neoplastic growth is sensitive to genetic and pharmacological inhibitors of this pathway.
Results

Ectopic expression of Pax5 promotes tumor growth.
Myc5 cells spontaneously downregulate Pax5 after short-term culturing in vitro (31) (32) (33) (34) . Nevertheless, neoplasms derived from short-term cultures rapidly reactivated Pax5 ( Figure 1A ). In contrast, many longterm cultures lost the ability to reexpress Pax5 ( Figure 1A ). When such cultures, referred to herein as Myc5-M5 and Myc-M12, were transduced with the retrovirus encoding murine Pax5, they produced robust amounts of Pax5 in vivo, while no Pax5 expression was detected in vector-transduced Myc5-M5 cells ( Figure 1B and data not shown). When tumor growth rates were compared, Pax5-derived neoplasms increased in volume at almost 3 times the rate of control tumors ( Figure 1C ).
Pax5-transduced tumors were characterized with respect to B cell and macrophage markers (CD19/CD45R and CD11b, respectively). While control neoplasms were CD19 -CD11b + , consistent with their macrophage-like phenotype (31) (32) (33) (34) , expression of Pax5 resulted in the emergence of both double-negative and canonical CD19 + CD11b -populations ( Figure 1D ). To corroborate partial reversion to B cell phenotype, we stained formalin-fixed, paraffin-embedded tumors for CD45R, another B cell marker. In some but not all tumors, we observed isolated clusters of CD45R + cells ( Figure 1E , right). CD45R + cells were never seen in Pax5-negative control tumors ( Figure 1E , middle). We thus concluded that Pax5 enhances tumor growth while promoting B cell differentiation.
To corroborate this conclusion, we also generated Myc5-M5 and Myc-M12 cells expressing the fusion of Pax5 and tamoxifen receptor (Pax5ER TAM ), whose function is completely dependent on 4-hydroxytamoxifen (4OHT) (36) . Pax5ER TAM expression levels were comparable to those achieved in Myc5-M5/Pax5 cells with or without hormone treatment (Figure 2A and data not shown). However, the nuclear localization of Pax5ER TAM was markedly increased in the presence of 4OHT, as evidenced by immunocytochemical staining ( Figure 2B ). To assess the contribution of Pax5ER TAM to tumor growth in vivo, we injected Myc5-M5/Pax5ER TAM and Myc5-M12/Pax5ER TAM cells into mice and randomized the recipients into 2 groups. Half of the mice received daily injections of 4OHT, and the other half was treated with vehicle only. As evidenced by data in Figure 2C , both Myc5-M5-and Myc5-M12-derived Pax5ER TAM cells formed much larger tumors in 4OHT-treated mice. No effect of 4OHT on growth of control cells was observed.
To demonstrate that the effects of Pax5 are not limited to Myc5-derived single cell clones, we also transduced short-term Myc5 cultures with wild-type Pax5 and its dominant-negative mutant (37) . Retrovirally encoded Pax5 had a minimal effect on tumor growth, consistent with high levels of the endogenous protein in these tumors ( Figure 2D ). In contrast, dominant-negative Pax5 significantly inhibited neoplastic growth, attesting to the role of Pax5 in B-lymphomagenesis.
Pax5 maintains expression of multiple components of BCR signaling. To reveal the mechanism of Pax5-dependent lymphomagenesis, we performed microarray analysis of gene expression in 4OHT-treated GFP-only and Pax5ER TAM tumors and found that 280 genes were activated more than 2.5-fold in Pax5ER TAM tumors. The list of Pax5-activated genes was run against the KEGG Pathway database (38) , as implemented by DAVID version 2.1 software (39) . The strongest similarity (P < 0.005) emerged with the components of BCR signaling: 6 out of 280 genes belonged to that pathway. Activation of Pax5ER TAM caused concerted upregulation of CD79a and CD19 antigens, B cell linker (Blnk), Bruton agammaglobulinemia tyrosine kinase (Btk), PKCβ1, and phospholipase Cγ (Table 1 ). All these proteins are crucial components of BCR signaling ( Figure 3A) , and while some of them are already known to be regulated by Pax5 (40) (41) (42) , the connections between Pax5 and Btk, PKCβ1, and PLCγ have not yet been reported. Additionally, the analysis of Pax5ER TAM -repressed genes revealed downregulation of 2 crucial inhibitors of BCR signaling: CD22 and paired-Ig-like receptor B (PIR-B) ( Figure 3A) . For all these genes, microarray data were validated using a combination of immunoblotting ( Figure 3B ), flow cytometry ( Figure 3C ), and quantitative RT-PCR ( Figure 3D ). We thus concluded that Pax5 is required to maintain BCR signaling in vivo.
BCR signaling mediates Pax5-dependent lymphomagenesis. To assess the significance of BCR signaling for Pax5-enhanced neoplastic growth, 3 approaches were taken. In the first set of experiments, we recapitulated BCR signaling using MAHB, a fusion protein containing the cytoplasmic regions of BCR Igα and Igβ. Target- ing of MAHB to the plasma membrane was achieved through the use of myristoylation/palmitoylation signal of Lck. Previous studies have documented the ability of MAHB to trigger constitutive or tonic signals similar to those generated by the BCR in the absence of antigen (43, 44) . In addition, we used a signaling-deficient MAHB mutant (MAHBmut) variant, in which the crucial immunoreceptor tyrosine-based activation motif (ITAM) tyrosines (Y182F and Y193F in Igα and Y195F and Y206F in Igβ) are substituted with phenylalanines.
Transduction of Myc5-M5 cells with the active MAHB-encoding retrovirus resulted in strong stimulation of tumor growth. ITAM-expressing tumors grew at a rate similar to that of Pax5-expressing tumors and much faster than did control GFP-only and MAHBmut neoplasms ( Figure 4A ). Resultant tumors maintained expression of retrovirally encoded MAHBs and Pax5, as evidenced by immunoblotting ( Figure 4B ). Thus, MAHB mimics the effects of Pax5 on lymphomagenesis.
In the second set of experiments, we engineered Myc5-M5/ Pax5ER TAM cells to overexpress CD22, which antagonizes ITAM activity, mainly through the recruitment of Shp1 phosphatase ( Figure 3A and ref. 45) . In vector-transduced Pax5ER TAM cells, almost no CD22 was detected. However, transduction with a CD22-encoding retrovirus resulted in readily detectable levels of this protein ( Figure 4C ). Next, Myc5-M5/Pax5ER TAM /CD22 and Myc5-M5/Pax5ER TAM /puro cells were used for tumor production in vehicle-treated and 4OHT-treated mice. In the absence of active Pax5ER TAM and without 4OHT, CD22 inhibited tumor growth rather weakly, consistent with the inactive BCR status of these cells. In contrast, tumor sizes in 4OHT-treated animals in which Pax5ER TAM was active were reduced more than 3-fold ( Figure 4D ). In fact, in the presence of CD22, there was no difference in growth rates between 4OHT-treated and untreated tumors. Thus, inhibition of BCR pathway by CD22 completely cancels the effects of Pax5 on tumor growth.
In the third set of experiments, we asked whether pharmacological inhibition of Pax5ER TAM and BCR signaling in preexisting tumors negatively affects neoplastic growth. To this end, Myc5-M5/Pax5ER TAM tumors were allowed to form in mice continuously treated with 4OHT, after which 4OHT administration was discontinued in half of the animals. This quickly resulted in tumor stasis: 24 hours after randomization, there was a statistically significant difference in tumor size between treated and untreated animals ( Figure 4E) . Next, the effects of 4OHT withdrawal were compared with the effects of Syk inhibitor piceatannol, because the Syk kinase is recruited to all ITAM complexes. We observed that 4OHT withdrawal and piceatannol treatment inhibited tumor growth with very similar kinetics ( Figure 4F ). Thus, pharmacological inhibition of Pax5 can be mimicked by inhibiting a BCR/ITAM-associated tyrosine kinase.
Pax5 and CD22 affect cell accumulation in a BCR ligand-independent manner. To test whether Pax5-induced BCR signaling is ligand-dependent or constitutive (tonic), we measured the effects of Pax5 and CD22 on cell accumulation in vitro, in the absence of any putative BCR ligands. We observed that activation of Pax5ER TAM with 4OHT increased cell accumulation ( Figure 5A ). This was most likely the result of increased cell proliferation, as 3 H-thymidine incorporation was also increased. No effects of 4OHT on proliferation of GFP-only cells were apparent ( Figure 5A ). Moreover, when CD22 was introduced into Pax5ER TAM cells, it had no effect in the absence of 4OHT, but strongly inhibited cell accumulation in cells with active Pax5ER TAM ( Figure 5B ). These effects closely resembled the in vivo effects of CD22 ( Figure 4D ), suggesting that CD22 inhibits ligand-independent BCR signaling brought about by activation of Pax5.
PAX5 contributes to neoplastic growth in human B cell neoplasms. To determine whether our findings apply to spontaneous human lymphomas, we first knocked down PAX5 expression in DLBCL lines previously reported to contain activated BCR (46) . We transduced SUDHL-4 and SUDHL-6 with a series of lentivirally encoded short hairpin RNAs (shRNAs) and monitored PAX5 expression using immunoblotting ( Figure 5C ). Cells transduced with the most efficient hairpin, 6061, were chosen for further analysis. When 48-hour cell accumulation assays were performed, we observed that the 6061 shRNA significantly decreased growth of both DLBCL cultures ( Figure 5D ), attesting to growth-promoting effects of PAX5 in human cells.
To further corroborate this notion, we stained tissue arrays of human DLCBLs for both PAX5 and phosphorylated BLNK, the principal adaptor protein of activated BCR. Multiple myeloma samples, which are known to silence PAX5 (47, 48) , were used as a negative control. We observed that all DCBCL tumors stained positively for PAX5, and approximately half of them were also positive for phosphorylated BLNK (Figure 6 ; both positive and negative samples are shown). Thus, BCR is likely to be constitutively activated in at least some human B cell tumors, attesting to the important causative role in PAX5 for B-lymphomagenesis.
Discussion
BCR signaling regulates B cell fate decisions during normal development (49, 50) , primarily through Igα (CD79a) and Igβ (CD79b) molecules that contain ITAMs in their cytoplasmic domains (35) . Precursors with a functional BCR can differentiate into naive B cells and leave the bone marrow, and those without undergo apoptosis (51) . Consequently, homozygous deletion of BCR components (52, 53) or mutations in the ITAM domains (54) rapidly kill B cells.
It has been proposed that BCR signaling (ligand dependent or independent) can promote survival of neoplastic B-lymphoma cells as well, for instance, via activation of antiapoptotic Mcl1 (55). Increased BCR signaling was indeed observed in cultured B-lymphoid cells (56) and appeared to contribute to their growth Here we demonstrated that the contribution of Pax5 to neoplastic growth correlated with its ability to maintain expression of BCR components. Moreover, it was abolished by interrupting the chain of signaling downstream of CD79a through either overexpression of CD22, which recruits to the complex the Shp1 phosphatase (45) , or pharmacological inhibition of Syk, an ITAMassociated tyrosine kinase. Conversely, the constitutively active ITAM construct fully recapitulated the proneoplastic effects of Pax5. These findings not only identify a molecular mechanism whereby Pax5 promotes neoplastic growth, but directly establish the role of BCR signaling in lymphomagenesis.
It should be noted that some of the newly identified Pax5 targets (e.g., phospholipase Cγ and PKCβ) are not restricted to B cells and participate in a variety of biological processes, such as calcium signaling and NF-κB activation. It is possible that activation of these and additional genes by Pax5 contributes to neoplastic transformation of T cell precursors (26) .
Methods
Cell lines and retroviral infection.
Generation of Myc5 B-lymphoma cells has been described previously (31) . Cells were maintained in RPMI 1640 media supplemented with 10% fetal bovine serum, IL-7 (0.1 ng/ml; R&D Systems), and lipopolysaccharide (10 μg/ml; Sigma-Aldrich). Short-term Myc5 cultures were transfected with mouse stem cell virus long terminal repeat-internal ribosome entry site-green fluorescent protein-retrovirus 1-based (MIGR1-based) retroviruses encoding either full-length murine Pax5 or its dominant-negative mutant, capable of DNA binding but lacking the activation domain (37) . Long-term Myc5-M5 and Myc5-M12 cultures were transfected with retroviruses encoding Pax5, Pax5ER TAM (36) , MAHB, and its mutant variant (44) . Myc5-M5/Pax5ER TAM cells were also superinfected with pBabePuro CD22 retrovirus. All retroviruses were generated using transfection with Lipofectamine 2000 (Invitrogen) into the GP293 packaging cells. Infections were carried out over the course of 36 hours in the presence of polybrene (4 μg/ml). Human DLBCL lines SUDHL-4 and SUDHL-6 were cultured as described previously (58) .
Proliferation assays and cell counts. Cells were seeded in 6-well plates (5 × 10 4 cells per well) and cultured in the presence or absence of 4OHT. For each condition, the experiment was performed in triplicate. For 3 H-thymidine incorporation assay, the radioactive compound [3H] was added (1 μCi/ml) 24 hours prior to cell harvest. DNAs were prepared using a PHD Cell Harvester (Cambridge Technology), and incorporated isotope was quantitated using liquid scintillation.
Flow cytometry and immunocytochemistry. Analysis of GFP expression was performed by flow cytometry on FACSCalibur (BD), and the results were analyzed using CellQuest software (BD). The allophycocyanin-conjugated anti-mouse CD19, CD11b, and CD22 were obtained from eBiosciences. Cell sorting for CD22 high and CD22 low was performed using a FACStar Plus flow cytometer (BD). For immunocytochemistry, cells were spun onto slides, air-dried for 5 minutes, fixed, and stained first with a polyclonal anti-Pax5 antibody and then with FluoroLink Cy3-labeled goat anti-rabbit IgG (Amersham Biosciences). Images were captured and analyzed using a Zeiss fluorescence microscope.
Tumor load studies. All animal experiments have been reviewed and approved by the University of Pennsylvania Institutional Animal Care and Use Committee. For in vivo experiments, 10 7 Myc5-M5 cells transduced with various constructs were injected subcutaneously into SCID mice (National Cancer Institute). For 4OHT treatment, the hormone powder (H6278; Sigma-Aldrich) was dispersed via sonication in corn oil (SigmaAldrich) at a concentration of 10 mg/ml. Where indicated, mice received daily intraperitoneal injections of the drug (1 mg/mouse) or vehicle only. Tumor size was measured daily using calipers, and tumor weights were recorded on the day of tumor excision. Syk inhibitor (piceatannol) was obtained from EMD Biosciences and used as a solution in 10% DMSO. The single doses (30 mg/kg) were delivered by tail vein injection.
Microarray analyses. Total RNAs from Myc5-M5/MIGR1 and Myc5-M5/ MIGR1/Pax5ER TAM tumors developed in 4OHT-treated mice were used. cRNAs were synthesized using in vitro transcription with biotinylated CTP and UTP. Labeled cRNAs were hybridized to the Mouse Genome 430 2.0 Array chip (Affymetrix) using the standard protocol of Penn Microarray Facility. Affymetrix MAS 5 probeset signals and presence/ absence flags were calculated. The local pooled error test for differential expression as implemented in S+ArrayAnalyzer (version 1.1; Insightful Corp.) was applied with a 1% Bonferroni multiple testing correction to median interquartile range normalized MAS 5 signal values. The resulting lists were imported into Gene Spring (version 6.1; Silicon Genetics) filtered for Presence (per Affymetrix MAS5 Analysis) in 2 of 2 samples Real-time PCR. Total RNAs were isolated using TRI Reagent (SigmaAldrich) and treated with a TURBO DNA-free kit (Ambion Inc.). cDNAs were prepared from 2 μg RNA using SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen). Primers specific for Blnk, Btk, Pirb, Plcg2, Prkcb1, and actin were purchased from QIAGEN. For murine CD79a, the following primers were used: sense, 5′-GCCAGGGGGTCTAGAAGC-3′; antisense, 5′-TCACTTGGCACCCAGTACAA-3′. Amplifications were performed using ABI 7500 Real-Time PCR Machine using Standard7500 SYBR Green real-time protocol. All reactions were performed in triplicate to ensure accuracy of quantitation.
Pax5 knockdown in DLBCL lines. Mission-TRC shRNA-encoding lentiviruses targeting human Pax5 were purchased from Sigma-Aldrich and used for transduction in SUDHL-4 and SUDHL-6 cell lines according to the manufacturer's protocol. Following transduction, cells were selected in puromycin-containing media (1 μg/ml).
Western blotting. For Pax5 and ITAM expression analysis, cell lysates or tumor lysates were used. CD19 and CD22 expression was detected in tumor lysates. Membranes were probed with the appropriate antibodies diluted according to manufacturers' recommendations. Expression of MAHB and MAHBmut was determined using anti-HA High Affinity antibody (clone 3F10; Roche). Secondary antibodies were used in horseradish peroxidase-conjugated forms (Amersham Biosciences). Antibody binding was detected using the enhanced chemiluminescence system (Amersham Biosciences). Where indicated, a monoclonal antibody reactive with murine actin (Sigma-Aldrich) was used to confirm equal loading.
Immunohistochemistry. Formalin-fixed, paraffin-embedded murine tumors were sectioned and placed on slides, which were then treated with xylene (2 times, 5 minutes each), 4 concentrations of ethanol (100%, 95%, 70% and 50%, 1 minute each), ddH2O (1 minute), and 1× PBS (20 minutes). The sections were blocked for 30 minutes in 1× PBS, 5% normal goat serum, and 1% Tween-20, then stained for 45 minutes with FITC-conjugated B220 antibody (clone RA3-6B2; BD Biosciences -Pharmingen). Slides were washed 3 times in 1× PBS and 1% Tween-20, and then stained with mouse FITC-conjugated anti-AP (Sigma-Aldrich). Slides were washed again in 1× PBS (3 times, 10 minutes each) and developed with Fast Blue BB (SigmaAldrich). All steps were carried out at room temperature. Paraffin-embedded sections from 2 human DLBCL tissue arrays (containing a total of 34 core biopsies) and 4 bone marrow tissue sections with myeloma infiltration were stained essentially as described previously (59) . The reagents used were a monoclonal anti-Pax5 (catalog no. 610863; BD Biosciences -Pharmingen) antibody and an antibody against phosphorylated BLNK.
Statistics. To determine statistical significance, 2-tailed Student's t test, as implemented by SigmaPlot 9.0 (SYSTAT Software Inc.), was used. Differences with P values of less than 0.05 were considered significant.
